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Adult intestinal tissues, exposed to the external environment, play important roles including barrier and
nutrient-absorption functions. These functions are ensured by adequately controlled rapid-cell meta-
bolism. GATA transcription factors play essential roles in the development and maintenance of adult
intestinal tissues both in vertebrates and invertebrates. We investigated the roles of GATAe, the Droso-
phila intestinal GATA factor, in adult midgut homeostasis with its ﬁrst-generated knock-out mutant as
well as cell type-speciﬁc RNAi and overexpression experiments. Our results indicate that GATAe is es-
sential for proliferation and maintenance of intestinal stem cells (ISCs). Also, GATAe is involved in the
differentiation of enterocyte (EC) and enteroendocrine (ee) cells in both Notch (N)-dependent and -in-
dependent manner. The results also indicate that GATAe has pivotal roles in maintaining normal epi-
thelial homeostasis of the Drosophila adult midgut through interaction of N signaling. Since recent re-
ports showed that mammalian GATA-6 regulates normal and cancer stem cells in the adult intestinal
tract, our data also provide information on the evolutionally conserved roles of GATA factors in stem-cell
regulation.
& 2015 Published by Elsevier Inc.1. Introduction
The adult gastrointestinal tract is continually exposed to exo-
genous stress and damage. Under this condition, gastrointestinal
tissues have barrier, digestive, and absorptive functions, which are
supported by a high cellular metabolic rate. Therefore, intestinal
stem cell (ISC) maintenance is important for preserving intestinal
physiological functions to constantly provide mature gastro-
intestinal epithelial cells including enterocytes (ECs) and en-
teroendocrine cells (ees) throughout an organism's life. Also, this
mechanism has been reported to be conserved among mammals
and Drosophila (Crosnier et al., 2006; Micchelli and Perrimon, 2006;
Ohlstein and Spradling, 2006; Simons and Clevers, 2011; Weissman,
2000). Between both animals, similar genetic regulation of ISCs
including their proliferation and differentiation has also been re-
ported (Jiang and Edgar, 2012; Takashima and Hartenstein, 2012).
GATA transcription factors are evolutionarily conserved and play
important roles in cell proliferation, differentiation, and survival ofence, Faculty of Science, Ga-
171-8588, Japan.
n.ac.jp (T. Adachi-Yamada).multiple developing and adult tissues/organs (Ayanbule et al., 2011;
Molkentin, 2000; Murakami et al., 2005). Those in hematopoiesis and
developing heart and endodermal tissues have been extensively stu-
died and in various multicellular organisms (Ayanbule et al., 2011). In
vertebrates, GATA-4, GATA-5, and GATA-6 of the six GATA factors show
distinct expression patterns in adult gastrointestinal tissues (Fang
et al., 2006). GATA-4 and GATA-5 tend to be highly expressed in
proximal tracts, such as the stomach, jejunum and/or ileum, while
GATA-6 is expressed throughout the gastrointestinal tract in mice and
humans (Fang et al., 2006; Haveri et al., 2008). Consistently, GATA-4 is
essential for region-speciﬁc identities (Bosse et al., 2006) and show
lineage-speciﬁc expression. Brieﬂy, GATA-4 shows high- and low-level
expression in EC/proliferating crypt and Paneth cells, respectively
(Bosse et al., 2006; Dusing andWiginton, 2005). With regard to GATA-
5, it is expressed in secretory lineages such as ee, Paneth, and goblet
cells (Dusing and Wiginton, 2005). On the other hand, GATA-6 is
mainly expressed in mature ee and immature proliferating cells in the
crypt (Dusing and Wiginton, 2005). Accordingly, each of these GATA
members are at least in part involved in the proliferation or differ-
entiation of immature cells in the intestinal crypt, and gene expression
in differentiated cells (Beuling et al., 2012; Beuling et al., 2011; Bosse
et al., 2006; Divine et al., 2004; Haveri et al., 2008). Furthermore, GATA
factors are involved in gastrointestinal diseases, including cancer, with
T. Okumura et al. / Developmental Biology 410 (2016) 24–35 25interaction of signal transduction such as Wnt and BMP signaling (Lin
et al., 2012; Tsuji et al., 2014; Whissell et al., 2014; Zheng and Blobel,
2010). However, in invertebrates including the Drosophila, few studies
of GATA factors have been reported regarding the maintenance of the
adult digestive tract. Therefore, essential evolutionally conserved fea-
tures in GATA functions in gut maintenance have remained elusive.
In Drosophila, ﬁve GATA transcription factor genes, pannier (pnr,
also known as GATAa), serpent (srp, also known as GATAb), grain (grn,
also known as GATAc), GATAd, and GATAe, are known (Abel et al.,
1993; Lin et al., 1995; Okumura et al., 2005; Ramain et al., 1993;
Rehorn et al., 1996; Winick et al., 1993). Of them, srp, grn, GATAd, and
GATAe are expressed in embryonic, larval, and/or adult midguts, a
counterpart of the mammalian small intestine, whose epithelium is
derived from the endoderm (Murakami et al., 2005; Okumura et al.,
2005; Senger et al., 2006). The srp and GATAe are required for spe-
ciﬁcation and differentiation of the endoderm forming larval midgut
epithelium (Okumura et al., 2005; Rehorn et al., 1996; Reuter, 1994).
In addition, srp expression in the endoderm disappears at embryonic
stages, while GATAe continues to be expressed from embryonic to
adult stages (Okumura et al., 2005). In adult midgut homeostasis,
GATAe has recently been reported to be required for maintenance of
the EC morphological structure, digestive function, and intestinal
gene expression (Buchon et al., 2013). On the other hand, the func-
tion of grn and GATAd in the midgut has remained unknown.
In this study, to determine whether GATA factors are involved
in regulation of Drosophila adult midgut homeostasis, we con-
ducted RNAi treatment for the ﬁve Drosophila GATA factor genes in
ISCs and their daughter cells enteroblasts (EBs). We found that
GATAe RNAi only induced some defective phenotypes including a
decrease in ISCs/EBs. We also conﬁrmed similar defects with the
ﬁrst-generated knock-out mutant of GATAe. Furthermore, GATAe-
knocked out cells indicated the possibility that GATAe is essential
for EC and ee differentiation in an N-dependent and independent
manner. Based on observations of the new GATAe knock-out mu-
tation, we found that GATAe is required for normal adult midgut
development. Combined with previous reports, our results in-
dicate that GATAe contributes to the development and main-
tenance of Drosophila midgut epithelia throughout life.2. Materials and methods
2.1. Fly stocks
Canton-S and w1118 were used as wild-type strains. The following
RNAi lines obtained from the Vienna Drosophila RNAi Center (VDRC)
were used for knock-down of GATA family genes and N; pnr
(#101522), srp (#112327), grn (#105192), GATAd (#50364), GATAe
(#10420), and N (#100002). We also obtained the other GATAe RNAi
lines (#33748 and #34641) from the Bloomington Drosophila Stock
Center (BDSC). The Df(3R)sbd45 is a deﬁciency line uncovering the
GATAe locus. The reporter lines for the Delta (Dl) transcription,
N-signaling activity, JAK-STAT-signaling activity, and c-Jun N-terminal
kinase (JNK)-signaling activity were Dl05151 (Dl-lacZ), GbeþSu(H)m8-
lacZ, 10 STAT92E-GFP, and pucE69 (puc-lacZ), respectively (Bach et al.,
2007; Biteau et al., 2008; Furriols and Bray, 2001; Martin-Blanco
et al., 1998). The GAL4 lines used were NP6267 (esg-GAL4) (Hayashi
et al., 2002) and Ay-GAL4 (Ito et al., 1997). The following upstream
activating sequence (UAS) strains were used: UAS-FLAG::GATAe pro-
ducing a functional tagged form of the GATAe protein (gift from
Murakami), UAS-GATAe::V5-6His producing a functional fusion
protein tagged with V5 epitope and 6His and its effect is weaker
than FLAG::GATAe (personal communication) (gift from Murakami),
UAS-NICD (Go et al., 1998), UAS-p35 (BDSC), UAS-DIAP-myc (gift from
Hay) (Umemori et al., 2007), and UAS-rpr (DGRC #108447). The fol-
lowing UAS lines were also obtained from BDSC; UAS-Apoliner(Bardet et al., 2008) and UAS-GFPS65T. The hs-FLP provided FLP re-
combinase under heat-shocked temperature, tub-GAL80ts ubiqui-
tously overexpressing the temperature-sensitive GAL80 protein
(McGuire et al., 2003), and FRT82B, FRT82B,tub-GAL80, FRT19A, and
tub-GAL80,hs-FLP,wn,FRT19A used for mosaic analysis with repressible
cell marker (MARCM), were also obtained from BDSC.
Flies were cultured in standard medium at appropriate tem-
perature and females were used in all experiments in this study.
2.2. Generation of GATAe knock-out ﬂy
Knock-out of the GATAe locus was conducted by ends-out gene
targeting, as previously reported (Rong and Golic, 2000). To construct
the pW25-GATAe-KO vector, the 5′ and 3′ homologous fragments were
ampliﬁed by polymerase chain reaction (PCR) from w1118 genomic
DNA with the following primers; 5′-CACCGCGGCCGCATGGTCTG-
CAAAACTATCTCAC-3′, 5′-CACCGGTACCTGCGTTGTCTGCTGTTCCAT-3′,
5′-CACCGGCGCGCCGGCGCTCCAAGTTTAC-3′, and 5′-CACCCGTACGCT-
GCAAGTGCATTAGTGTG-3′, then the ampliﬁed fragments were sub-
cloned into the NotI-Acc65I and AscI-BsiWI sites of the pW25 vector
(Drosophila Genomics Resource Center). The transgenic donor lines
transformed with the pW25-GATAe-KO construct were generated by
BestGene Inc. Male donor ﬂies were crossed withw;;hsp70-FLP, hsp70-
I-SceI females and the progeny were heat-shocked at 37 °C for an hour
three times at day 2 and 3 after egg laying. The F1 females withmosaic
or white eyes were collected and crossed withw;hsp70-FLPmales, and
F2 males and females with red eyes were screened and ﬁve lines, in
which the pW25-GATAe-KO construct was replaced with GATAe
genomic locus, were obtained. The replacement was investigated by
genomic PCR with the following primers; 5R 5′-GAATTGAATT-
GACGCTCCGT-3′, 3R 5′-GTCCGGTTGTTTTCGTGCTC3′, 1 5′-GGTGTGGG-
TAGCTAATTGG-3′, 2 5′-GATCGTGATCATGATACGAC-3′, 3 5′-TCGCAGG-
GAGTCAACCTGA-3′, 4 5′-AGCAGCTTCAACTGCTGG-3′, and 5 5′-ATT-
GACTCTGTGGCGTTGAT-3′. The resulting deletion covered almost all
the coding region of GATAe, as shown in Fig. 2A, and this line was used
as a loss of the function allele of GATAe (termed GATAe1) in this study.
To select the 1st instar larvae of GATAe1 homozygotes, the green
balancer TM3,twi-GAL4,UAS-2GFP was used.
2.3. Immunostaining and in situ hybridization
Larval, pupal, and adult midguts dissected at appropriate stages
were ﬁxed with 4% paraformaldehyde. After being washed with
phosphate buffered saline (PBS) containing TritonX-100 (PBT), im-
munostaining was done with the following primary antibodies; rat
anit-GFP (Nacalai Tesque, 1:200), chick anti-β-galactosidase (β-gal)
(abcam,1;200), rabbit anti-phospho histone H3 (pH3) (Upstate Biotech,
1:200), mouse anti-Prospero (Pros) (DSHB, 1:100), mouse anti-Arma-
dillo (Arm) (DSHB, 1:50), mouse anti-Delta (Dl) (DSHB, 1:50), mouse
anti-dual-phosphorylated ERK (dpERK) (Sigma-Aldrich, 1:200), and
rabbit anti-Pdm1 (provided by Xiaohang, 1:200). Secondary antibodies
used were Cy3- and DyLight649-conjugated anti-mouse IgG (Jackson
ImmunoResearch, 1:200), Alexa Fluors 488-conjugated anti-rat IgG
(Jackson Immuno Research, 1:200), Alexa Fluors 555-conjugated and
DyLight649-conjugated anti-rabbit IgG (Jackson ImmunoResearch,
1:200), and DyLight649-conjugated anti-chick IgY (Jackson Im-
munoResearch, 1:200). Rhodamine-conjugated and Alexa Fluors 647-
conjugated phalloidin (Molecular Probe, 1:100) were used to stain ﬁ-
lamentous actin (F-actin). Nuclei were stained with DAPI (SIGMA).
For in situ hybridization, the adult midgut ﬁxed with 4% par-
aformaldehyde was washed with PBS containing 0.1% Tween 20.
After they were treated with 10 μg/ml proteinase K and reﬁxed
with 4% paraformaldehyde, hybridization with digoxygenin-la-
beled RNA probes was done at 60 °C overnight. After washing, they
were treated with a 0.1% blocking regent (Roche) and reacted with
an anti-Digoxygenin antibody labeled with alkaline-phosphatase
Fig. 1. GATAe RNAi in ISC/EBs caused a decrease of their cell number and morphological defects. (A–G) Frequency and morphology of the esg-positive cells in the esgGFPts (A, D, and
F) and esgGFPts4GATAeIR (B, E, and G) PMG. Green is esg-positive cells. Magenta in A and B, D and E, and F and G were stained with anti-Arm antibody, anti-Arm and anti-Pros
antibodies, and phalloidin, respectively. Insets in F and G are magniﬁcations. (C) Frequency of esg-positive cells in FOV of esgGFPts (24.0471.23 at 2 days old, 30.3570.77 at 7 days
old, and 26.3370.39 at 14 days old) and esgGFPts4GATAeIR (23.9371.73 at 2 days old, 22.1771.64 at 7 days old, and 18.1671.06 14 days old) midguts. The esg-positive cells in FOV
of 5 or 6 midguts were counted. Error bars indicate standard error of means (S.E.M). P-values were calculated using Student's t test. (H and I) PMG of esgGFPts4NIR (H) and
esgGFPts4GATAeIRþNIR (I). Green and magenta are esg-positive and Pros-positive cells. (J–L) GATAemRNA in the PMG of wild-type (J and K) and esgGFPts4NIR (L) was detected with
antisense (J and L) but not sense (K) probes (magenta). Green indicates Pros- (J’, J”, K’ and K”) and esg-positive (L’ and L”) cells. Blue and white indicate nuclei stained with DAPI.
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Fig. 2. Novel knock-out mutation of GATAe (GATAe1) inhibited normal epithelial regeneration. (A) Replacement of GATAe locus induced by targeted homologous
recombination. Green arrows indicate primers used in conﬁrming the replacement. The results of genomic PCR with several pairs of primers showed precise re-
placement. (B–K) MARCM clones of control (B–E), GATAe1 (F–I), and GATAe1 expressing FLAG::GATAe (J and K) in the PMGs at 4 (B, F, and J), 7 (C, G, and K), 11 (D and H),
and 14 (E and I) days after clone induction (ACI). Insets are magniﬁcation of the boxes. The MARCM clones and nuclei were marked with GFP (green) and stained with
DAPI (blue). (L) Graph showing average cell number in each genotype of MARCM clones at 4 and 7 days ACI. Average cell numbers are 4.7870.78 (day 4) and
5.7170.57 (day 7) in control clones, 1.6770.07 (day 4) and 1.7070.08 (day 7) in GATAe1 clones, 1.8670.20 (day 4) and 2.3970.14 (day 7) in GATAe1 expressing FLAG::
GATAe clones, and 1.9270.09 (day 4) and 2.0570.11 (day 7) in GATAe1 expressing p35 clones. Error bars indicate S.E.M. P-values were calculated using Student's t test.
The number of counted clones is in parentheses.
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tected using FastRed (Roche). The cDNAs of GATAe and βint-ν were
used as templates for antisense and sense RNA probes prepared
using a DIG RNA labeling kit (Roche).The stained adult midgut was mounted in 80% glycerol and
analyzed with Nikon Digital Eclipse C1 and C1Si confocal micro-
scopes (Nikon). The images were processed with EZ-C1 3.90 Free
Viewer (Nikon).
Fig. 3. GATAe1 disrupted ISC proliferation and maintenance. (A–E) MARCM clones of control (A and C), GATAe1 (B and D), and GATAe1 expressing FLAG::GATAe (E) immnostained
with anti-pH3 (magenta in A and B) and anti-Dl (magenta in C–E) antibodies. A’, B’, C’-C”’, D’-D”’, and E’-E”’ are magniﬁcations of the boxes in A, B, C, D, and E, respectively. The
yellow dotted lines indicate the outline of the MARCM clones. The yellow arrows in A and B indicate mitotic (pH3-positive) cells. The magenta arrows in C–E indicate examples
of Dl-positive cells. The MARCM clones and nuclei in A–E were marked with GFP (green) and stained with DAPI (blue). (F) Frequency of MARCM clones containing Dl-positive
cells in each genotype at 7 days ACI. The number of counted clones is in parentheses. (G) Clone size and ratio of clones containing no, one, and two Dl-positive cells at 7 days ACI.
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The dissected adult midguts were ﬁxed with 4% paraformalde-
hyde in PBS and cell death was detected with the Apoptag kit
(Millipore Corporation, Billerica, MA, USA).2.5. Temperature shift assay
In the RNAi and overexpression experiments with the TARGET
system (McGuire et al., 2003), adult ﬂies carrying tub-GAL80ts com-
bined with esg-GAL4were raised at a permissive temperature (18 °C).
One-day-old ﬂies were placed and cultured at a non-permissive
temperature (29 °C) until dissection at the appropriate day old. In
GATAe knock-down experiments by RNAi during larval and pupa
stages, the given genotypes of the 1st larvae or white pupa raised at
18 °C were placed and cultured at 29 °C to the adult stages. Each
genotype used in this assay is described in the Figure legends.2.6. Mosaic analysis
To generate MARCM clones (Lee and Luo, 1999), given genotypes
ﬂies were raised and cultured at 25 °C until 7 days old, heat-
shocked at 37 °C for 2 h 4 times, and additionally cultured for an
appropriate number of days. The MARCM and twin-spot clones
were also induced at the 3 rd instar larval stages and examined at
the adult stages.
When the GATAe RNAi experiment with Ay-GAL4 (Ito et al., 1997;
Struhl and Basler, 1993) was conducted, adult ﬂies were raised and
cultured at 18 °C until 7 days old, heat-shocked at 37 °C for 20 min,
and cultured at 25 °C for an appropriate number of days.2.7. Quantiﬁcation and statistical analysis
To examine the frequency of esg-positive cells in the GATAe RNAi
experiment (Fig. 1C), the images of the posterior midgut of control
(w;esg-GAL4,UAS-GFPS65T/þ;tub-GAL80ts/þ) and GATAe RNAi (w;
esg-GAL4,UAS-GFPS65T/UAS-GATAe RNAi; tub-GAL80ts/þ) ﬂies stained
with anti-GFP and anti-Pros antibodies were obtained using a
confocal microscope. Then the total numbers of cells and esg-po-
sitive cells in the ﬁeld of view (FOV) were manually counted in the
posterior midgut using EZ-C1 3.90 Free Viewer (Nikon). Examples of
FOV (636.5 μm636.5 μm) images are shown in Fig.1A and B.
To count the cell number per clone of controls (hs-ﬂp/þ;Act5C-
GAL4,UAS-GFPS65T/þ;FRT82B,tub-GAL80/FRT82B), GATAe1 (hs-ﬂp/þ;
Act5C-GAL4,UAS-GFPS65T/þ;FRT82B,tub-GAL80/FRT82B,GATAe1),
GATAe1þUAS-FLAG::GATAe (hs-ﬂp/þ;Act5C-GAL4,UAS-GFPS65T/UAS-
FLAG::GATAe;FRT82B,tub-GAL80/FRT82B,GATAe1), and GATAe1
þUAS-p35 (hs-ﬂp/þ;Act5C-GAL4,UAS-GFPS65T/UAS-p35;FRT82B,tub-
GAL80/FRT82B,GATAe1) generated in the posterior midgut with
MARCM, we stained the adult midguts with DAPI and anti-GFP
antibody, obtained images with the confocal microscope, and
counted the cells in each MARCM clone (Fig. 2L and Fig. 4D). The
frequencies of Dl-, Pdm1- and Pros-positive cells in each genotype
clone were also counted after staining with anti-Dl, anti-Pdm1,
and anti-Pros antibodies (Fig. 3F, and G, Fig. 6I, and J and Sup-
plemental Fig. 4B).
In FLAG::GATAe and GATAe::V5-6His overexpressionwith MARCM,
the frequency of each clone size was counted (Supplemental Fig. 3E).
The genotypes used were hs-ﬂp/þ ; Act5C-GAL4,UAS-GFPS65T/UAS-FLAG::
GATAe; FRT82B,tub-GAL80/FRT82B,GATAe1 and tub-GAL80,hs-FLP,w*,
FRT19A/FRT19A; Act5C-GAL4,UAS-GFPS65T/þ; GATAe::V5-6His/þ .
The P-values were calculated using student's t-test as needed.3. Results
3.1. GATAe-RNAi in ISCs/EBs affects midgut epithelial renewal
To determine whether the Drosophila GATA factors were involved
in ISC regulation, we expressed each UAS-RNAi-construct against the
ﬁve GATA factor genes, pnr, srp, grn, GATAd, and GATAe. The escargot
(esg)-GAL4 driver under the control of GAL80ts, a temperature-sen-
sitive GAL80, combined with UAS-GFP (esgGFP ts) speciﬁcally induced
strong expression of the above constructs in both ISCs and EBs at the
permissive temperature of 29 °C but not at the non-permissive
temperature of 19 °C (Fig. 1A) (Micchelli and Perrimon, 2006). Of the
ﬁve GATA factor genes, we found that GATAe RNAi (GATAeIR) caused a
frequent decrease in esg-positive cells in the posterior midgut (PMG)
when the ﬂies were cultured at 29 °C for 7 days and 14 days but not
for 2 days after eclosion (Fig. 1B and C). We also observed morpho-
logical and positional defects of esg-positive cells. The normal ISCs/
EBs showed a pyramidal morphology and was located in an epithelial
niche adjacent to the basement membrane (Fig. 1D and F). On the
other hand, GATAeIR-expressed ISCs/EBs showed a slightly larger,
spherical morphology and detachment from the basal region (Fig. 1E
and G compared with D and F). Similar defects were observed with
the other RNAi constructs (#34641 and #33746) that direct against
the different regions of GATAe mRNA (Supplemental Fig. 1A and B).
Also, the morphological defects were not suppressed even by co-
overexpression of the anti-apoptotic factors, p35 and Diap1 (Sup-
plemental Fig. 1C and D).
In addition, GATAeIR drivenwith esgGFPts resulted in a thin midgut
tube (Fig. 1B and G compared with 1 A and F). This atrophy probably
suggests that GATAeIR induces an insufﬁcient epithelial renewal. In-
deed, GATAeIR inhibited normal growth of the MARCM clones (Sup-
plemental Fig. 1E–J) when compared with pnrIR, srpIR, grnIR and
GATAdIR. GATAeIR also inhibited ISC- and ee-like tumor formation
induced by N RNAi (NIR) with esgGFP ts, (Fig. 1H and I) (Micchelli and
Perrimon, 2006). Thus, GATAe-knock-down in ISCs/EBs affected
continuous epithelial renewal of the Drosophila adult midgut.
3.2. GATAe is expressed in all types of adult midgut epithelial cells
GATAe transcripts were previously detected from the adult
midgut by RT-PCR and microarray analysis (Buchon et al., 2013;
Okumura et al., 2005). To further examine which epithelial cell
types express GATAe in the adult midgut, we conducted in situ
hybridization for GATAe mRNA. With its antisense but not sense
probe, GATAe mRNA was detectable at similar levels in all types of
epithelial cells; ISC/EB (diploid cells), ee (Pros-positive cells) and
EC (polyploid cells) (Fig. 1J–K”). Also, GATAe was expressed in ISC-
and ee-like tumors induced by NIR (Fig. 1L–L”). This was consistent
with the tumor suppression induced by GATAeIR (Fig. 1I). The GA-
TAe expression implied that it plays important roles in all types of
adult midgut epithelial cells.
3.3. Generation of novel GATAe knock-out mutant
Previously, GATAe functions in developmental and adult mid-
guts were studied through RNAi experiments (Buchon et al., 2013;
Okumura et al., 2005). In this study, to more directly evaluate
GATAe roles, we generated a knock-out mutant of GATAe (GATAe1)
by using a homologous recombination–based gene targeting
technique (Fig. 2A) (Rong and Golic, 2000). Most of the coding
region of GATAe was replaced with the wþ gene in GATAe1, which
was veriﬁed by genomic PCR with primers corresponding to the
GATAe locus and the knock-out construct pW25 (Fig. 2A). All in-
dividuals of GATAe1 homozygotes were died at the embryonic or
the 1st instar larval stages with morphological and digestive de-
fects in the midgut (Supplemental Fig. 6A–D). The Df(3 R)sbd45, a
Fig. 4. GATAe depletion in ISC/EB-like small cells did not predominantly undergo cell death. (A) GATAe1 MARCM clone labeled with GFP (green) at 7 days ACI. TUNEL staining
(magenta in A and A’) was rarely detected in the GATAe1 clones (arrows in A and A’). A’ is the single channel of TUNEL staining. (B) Adult PMG treated by rpr overexpression
with esgGFPts for 1 day. Almost all esg-positive cells (green) disappeared. (C) Adult PMG expressing Apoliner and GATAeIR that were induced by esgGFPts for 21days. GFP (green
in C and C’) and RFP (C and C”) both were tethered to plasma membrane, indicating that the caspase pathway was not activated. C’ and C” are single channels of GFP (green)
and RFP (magenta) in the box of C, respectively. (D) Graph showing proportion of GATAe1 clone size at 4, 7, 11, and 14 days ACI. (E) Requirement of GATAe in ISC maintenance
including its proliferation, Dl expression, diploid state, and survival.
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the lethality of GATAe1 (data not shown), suggesting that GATAe is
essential for survival.3.4. GATAe is required for ISCs proliferation
Next, we generated GATAe1 homozygous clones in the adult
PMG with MARCM (Lee and Luo, 1999). Control clones showed
normal growth at days 4, 7, 11, and 14 after clone induction (ACI)
(Fig. 2B–E and L). In contrast, GATAe1 clone growth was inhibited
under the same condition (Fig. 2F–I and L) and the clones largely
stayed at the basal region (Fig. 6D and Supplemental Fig. 2I). In
addition, at day 7 but not day 4 ACI, the GATA1 clone growth in-
hibition was slightly rescued by FLAG::GATAe overexpression
(Fig. 2J–L). This slightness was probably due to the dominant effectof GATAe overexpression that affected ISC maintenance, as de-
scribed in the discussion (Supplemental Fig. 3). Combined with the
above results (Fig. 1 and Supplemental Fig. 1), we concluded that
GATAe is required for epithelial renewal in the midgut.
We next investigated whether GATAe is required for ISC pro-
liferation. To examine this, we conﬁrmed the appearance of mi-
totic ISCs in GATAe1 clones with anti-phospho-Histone H3 (pH3)
antibody. The result was that any mitotic ISCs were not observed
in GATAe1 clones at day 7 ACI (Fig. 3A and B). Similarly, the pH3-
positive cells also disappeared in the GATAe RNAi-treated midgut
with esgGFPts (Supplemental Fig. 1K and L). These results suggest
that GATAe is required for ISC proliferation.
Numerous signal transductions have been reported to be in-
volved in promoting ISC proliferation. We asked whether the two
major signaling pathways to induce ISC proliferation, Janus kinase/
Fig. 5. GATAe1 suppressed EC and ee differentiation. (A–H) MARCM clone cells of control (A and B), GATAe1 (C and D), GATAe1 expressing FLAG::GATAe (E and F), and GATAe1
expressing p35 in the PMG at day 7 ACI. The Pdm1 (magenta in A, C, E and G) and Pros (yellow in A’, C’, E’ and G’) expressions were detected with their antibodies. The cross
sections of each MARCM clone in B, D F, and H were stained with phalloidin (magenta). Insets are magniﬁcations of the boxes. White and yellow arrows indicate Pdm1- and
Pros-positive cells in the clones. Magenta arrows indicate brush border (bb). MARCM clones were marked with GFP (green) and their outlines in the insets are indicated by
dotted lines. Yellow numerals in A”’, C”’, E”’ and G”’ indicate cell numbers in the GFP-positive clone(s) in insets. Nuclei were stained with DAPI (blue and white). (I and J)
Graphs showing frequency of Pdm1- (I) and Pros- (J) positive cells in each genotype clone. The number of counted cells is represented at the top.
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Fig. 6. GATAe1 caused cell growth inhibition without any N-signaling inactivation. (A–E) ISC (A and C) and transient (B, D, and E) MARCM clones of control (A and B), GATAe1
(C and D), and GATAe1 expressing Nintra (E) in the adult PMGs. The Gbe-Su(H)m8-lacZ (magenta) and Dl (yellow) expression were detected in A–D. The MARCM clones and
nuclei were labeled with GFP (green) and DAPI (blue). Right panels are magniﬁcation of the boxes. The yellow dotted lines indicate the outline of the MARCM clones (A–D). (F
and G) PMG expressing NIR (F) and co-expressing GATAe::V5-6His and NIR (G) with esgGFPts. F’ and G’ are magniﬁcations of the boxes in F and G, respectively. The esg-
positive cells were marked with GFP (green). The Pros-positive cells (magenta) were also marked with anti-Pros antibody. Nuclei (blue) were stained with DAPI. (H) Predicted
gene regulatory pathway necessary for EC and ee differentiation.
T. Okumura et al. / Developmental Biology 410 (2016) 24–3532signal transducer and activator of transcription (JAK-STAT) and
epidermal growth factor (EGF), are affected by GATAeIR by using
10 STAT92E-GFP and dual-phosphorylated ERK (dpERK) antibody,
respectively (Jiang and Edgar, 2009; Jiang et al., 2009). However,
we did not detect any obvious alteration in them in the
esgRFPts4GATAeIR midguts (Supplemental Fig. 1M and N). This
suggested that the decrease in ISC proliferation in GATAe1 was not
caused by a decrease in JAK-STAT or EGF signaling.
3.5. GATAe is essential for maintaining stemness of ISCs
A possible explanation for the disappearance of proliferative cells
is due to ISC loss. To conﬁrm this, we examined whether GATAe1
clones had diploid cells expressing Dl, an ISC molecular marker
(Ohlstein and Spradling, 2007). In normal midguts, about half of the
control MARCM clones were ISC clones that were multicellular and
contained Dlþ cells, while the other half were transient clones that
were Dl- single cells at day 7 ACI (Fig. 3C, F, and G). On the other
hand, the frequency of GATAe1 MARCM clones containing Dlþ cells
drastically decreased (Fig. 3D, F, and G). Similarly, a decrease in Dlþ
and Dl-lacZþ cells was observed in the esgGFPts4GATAeIR midguts at
14 days old (Supplemental Fig. 2A–D). Under the same condition,
RNAi against the other GATA factors did not abolish Dl expression
both at 7 and 14 days old (Supplemental Fig. 2E–H and data not
shown). Furthermore, we frequently observed the appearance of
GATAe1 ISC clones without any diploid cells (Supplemental Fig. 2I and
J). Instead, as observed in the esgGFP ts4GATAeIR midgut, they have
slightly larger nuclei when compared with the other diploid cells
such as Dlþ ISC, mitotic ISC, and Prosþ ee (Fig. 3D, Supplemental
Fig. 2I and J, and Supplemental Fig. 4). These results suggest thatGATAe is required for ISC's identities and properties. On the other
hand, we also found that the ISC disappearance in the GATAe1mutant
partially rescued by FLAG::GATAe overexpression (Fig. 3E, F, and G) as
in the case of clone growth (Fig. 2).
Next, to conﬁrm whether GATAe-depleted ISCs underwent apop-
tosis that triggered their elimination, we conducted TUNEL assay for
the GATAe1 clones. However, TUNEL-positive cells were rarely ob-
served in small GATAe1 clone cells (Fig. 4A). Consistently, GATAe1
clone size did not alter from 4 to 11 days ACI (Fig. 4D) and was not
rescued enough by p35 overexpression (Fig. 2L). Furthermore, a de-
crease in esgþ cells by GATAeIR (Fig. 1B, G and Supplemental Fig. 1)
was not comparable to that observed in the overexpression of an
apoptotic gene reaper, which immediately caused esgþ cell dis-
appearance (Fig. 4B). Moreover, the residual esgþ cells did not show
up-regulation of c-Jun N-terminal kinase (JNK) signaling monitored
with puckered (puc-lacZ) (data not shown), TUNEL-positive cells (data
not shown), and activation of the caspase pathway monitored with
Apoliner (Fig. 4C). Apoliner indicated the translocation of EGFP but
not RFP from the plasma membrane into the nuclei when apoptotic
cascade was activated (Bardet et al., 2008). These results suggest that
the growth inhibition of GATAe1 clones is not due to apoptosis. From
the above observations, we also collectively concluded that GATAe is
required for maintaining the stemness of ISCs (Fig. 4E).
3.6. GATAe regulates EC and ee differentiation in an N-dependent
and independent manner
In this study, we also examined whether GATAe was required
for EC and ee differentiation. To conﬁrm this, we ﬁrst observed
their speciﬁc differentiation markers including morphological
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et al., 2009; Micchelli and Perrimon, 2006; Ohlstein and Spradling,
2006). In control clones at 7 days ACI, differentiated ECs showed
Pdm1 expression in the polyploid nucleus and an apically
well-developed brush border (Fig. 5A and B). Differentiated ees
had Pros expression in the diploid nucleus (Fig. 5A’). On the other
hand, GATAe1 clones showed a frequent decrease in Pdm1þ and
Prosþ cells at 4 and 7 days ACI (Fig. 5C–C”, I, J, and Supplemental
Fig. 4A and B). They also did not have any well-developed brush
borders (Fig. 5D). Moreover, the decrease in ECs and ees in the
GATA1 clones was partially and completely rescued by FLAG::GATAe
overexpression (Fig. 5E–E”, F, I, and J, and Supplemental Fig. 4B).
Furthermore, EC disappearance was not inhibited with p35 forced
expression even in an equivalent size of EC-like cells (Fig. 5G, H
and I, and Supplemental Fig. 4B). Similarly, ee loss was not rescued
with p35 forced expression (Fig. 5G’ and J, and Supplemental
Fig. 4B). These results indicated that GATAe is required for EC and
ee differentiation.
Previous reports suggested that EC and ee differentiation required
N signaling activation that was stimulated by Dl of ISCs (Kapuria
et al., 2012; Ohlstein and Spradling, 2007). This allow us to speculate
that a GATAe depletion inﬂuenced N signaling activation because we
found that GATAe depletion affected Dl expression (Fig. 3D, F, G, and
Supplemental Fig. 2). Therefore we examined N signaling levels with
GbeþSu(H)m8-lacZ, a reporter construct for N signaling activity
(Furriols and Bray, 2001). In control ISC clones, some small GbeþSu
(H)m8-lacZþ cells (EBs) appeared at 7 days ACI (Fig. 6A). Under this
condition, the control transient clone differentiated into a large EC in
which GbeþSu(H)m8-lacZ expression had already disappeared
(Fig. 6B). On the other hand, GATAe1 ISC clones also contained a
GbeþSu(H)m8-lacZþ cell (Fig. 6C). Also, GATAe1 transient clone cells
were small and their GbeþSu(H)m8-lacZ expression still remained
(Fig. 6D). These results were opposed to our expectation that GATAe
depletion decreased GbeþSu(H)m8-lacZ expression. However, it was
possible that this appearance of GbeþSu(H)m8-lacZþ cells in GATAe1
clones was due to transactivation from Dlþ ISCs located inside their
early-stage clones and/or on the adjacent outside of them. Some Dlþ
cells were observed around GATAe1 clones (Fig. 6A–D) and all ISCs in
GATAeIR driven with esgGFPts did not suppress GbeþSu(H)m8-lacZ
expression for 7 and 14 days (data not shown). Accordingly, we did
not experimentally reveal that GATAe was required for N signaling
activation. However, from the above results of Dl disappearance
(Fig. 3D, F, G and Supplemental Fig. 2), we do not exclude the pos-
sibility that GATAe contributes to the N signaling activation through
maintaining Dl expression.
Since excess N-signaling activation promotes EC differentiation
including their growth (Kapuria et al., 2012; Micchelli and Perri-
mon, 2006), we tried to rescue the growth defect of GATA1 cells
with forced expression of NICD, an active form of N. This could not,
however, completely induce a large EC-like cell in GATAe1 clones
(Fig. 6E). Conversely, the GATAe overexpression could not rescue
EC differentiation defects induced by N-signaling inhibition
(esgGFPts4NIR) (Fig. 6F and G). Combined with above result of Dl
disappearance, we concluded that GATAe is required for EC and ee
differentiation in N-dependent and independent manner (Fig. 6H).4. Discussion
It has previously been reported that GATAe transcripts were
detected in the adult midgut (Fig.1) (Buchon et al., 2013; Okumura
et al., 2005), suggesting that GATAe has an important role in adult
midgut homeostasis. A recent report showed that GATAe RNAi in
ECs consistently affected the adult midgut epithelial structure
(Buchon et al., 2013). We further examined GATAe roles through
GATAe knock-out, knock-down, and overexpression experiments,which revealed that GATAe has essential roles in midgut epithelial
renewal where N signaling was involved.
4.1. GATAe maintains stemness of ISCs
We discuss that GATAe depletion abolishes ISC proliferation
(Fig. 1–3 and Supplemental Fig. 1). This is the ﬁrst evidence that
GATAe is required for Drosophila ISC proliferation. Also, we found
that GATAe depletion induces the disappearance of Dlþ ISCs with-
out enough cell death/elimination and instead, slightly larger nu-
clear cells than diploid cells frequently appeared (Figs. 1 and 3 and
Supplemental Figs. 2, and 4). Thus, GATAe depletion probably con-
verted ISCs into non-proliferative cells. These observations suggest
that GATAe function is required for maintaining the stemness of
ISCs. In the Drosophila adult midgut, the epithelial basal region is a
stem-cell niche where ISCs are anchored to the basement mem-
brane (BM) with integrin. An inhibition of myospheroid (mys) en-
coding one of the two Drosophila integrin β subunits in ISCs/EBs
induced ISCs differentiation (Goulas et al., 2012). In some cases,
GATAe depletion showed the ISC's detachment (Fig. 1G), but any
alteration of Mys protein levels was not observed (data not shown).
Meanwhile, GATAe depletion decreased an expression of βint-ν,
encoding the other integrin β subunit (Supplemental Fig. 5). How-
ever, its null homozygotes did not show ISC loss and detachment
(Okumura et al., 2014). It is thought that Perlecan (Pcan), an ex-
tracellular matrix component, is the other candidate for targeting
GATAe responsible for this phenotype. The lack of trol encoding Pcan
autonomously caused ISC detachment from BM, proliferative cell
disappearance, Dlþ cell loss, and inhibition of EC and ee differ-
entiation, but not apoptosis and JAK-STAT and EGF signaling al-
teration (You et al., 2014). These phenotypes were very similar to
those when GATAe was depleted. It is a possible that GATAe may
regulate an anchor of ISCs to the BM through trol and maintain ISCs.
Drospohila adult midgut epithelial cells including ISCs are gen-
erated from their progenitors that express esg in the embryonic,
larval, and pupa stages (Micchelli, 2012). Also, recent reports have
indicated that esg regulates the stemness of ISCs in the adult midgut
(Korzelius et al., 2014; Loza-Coll et al., 2014). Thus, esg is involved in
stemness maintenance in the Drosophila midgut throughout life.
Similarly, GATAe continues to be expressed from embryonic to adult
midgut (Okumura et al., 2005). In addition, GATAe depletion caused
defects in larval esgþ cells and affected adult midgut development
but not the other internal and external organs during the pupa
stage (Supplemental Fig. 6E-N and data not shown). Furthermore,
GATAe is required for development of the most posterior region of
the adult midgut epithelium derived from the hindgut-proliferat-
ing-zone cells (Supplemental Fig. 6O, (Takashima et al., 2013). Al-
though we did not strictly conﬁrm if GATAe depletion affected esg
expression levels in ISC, GATAe is required for maintaining stemness
probably via the esg functions in Drosophila midgut development
and maintenance throughout life.
GATAe overexpression did not largely rescue GATAe1 clone
growth inhibition (Fig. 2J–L) and Dl expression disappearance
(Fig. 3D, F, and G). We observed that the FLAG::GATAe and GATAe::
V5-6His overexpression with esgGFPts both resulted in a de-
crease in small esgþ cells (Supplemental Fig. 3A, B compared with
Fig. 1A). However, they did not affect survival, mitosis, and Dl and
GbeþSu(H)m8-lacZ expression of esgþ cells (Supplemental Fig. 3C,
D and data not shown). In addition to the decrease in small
esgGFPþ cells, we found that some EC-like polyploid cells showed
a weak esgGFPþ signal when FLAG::GATAe and GATAe::V5-6His
were overexpressed with esgGFPts (Supplemental Fig. 3A and B).
This suggests that GATAe overexpression promotes EC and/or ee
differentiation that inhibits ISC self-renewal. Indeed, 90% of their
MARCM clones were composed of single EC-like polyploid or
Prosþ cells (Supplemental Fig. 3F-J). Also, the EC-like polyploid
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plemental Fig. 3G-I). This was consistent with the above results
that GATAe overexpression could rescue EC and ee differentiation
defects (Fig. 6E, F, I, and J). Thus, GATAe overexpression inhibited
ISC self-renewal but not its differentiation.
Mouse GATA-4 and GATA-6 are expressed in the crypt-pro-
liferative cells of the small intestine (Beuling et al., 2011; Bosse et al.,
2006). Similarly, human GATA-6 is expressed in the small intestine
(Haveri et al., 2008). GATA-6 conditional knock-out reduces crypt-
proliferative cells that lead to a decrease in villus height and epi-
thelial cell number in the distal ileumwhere GATA-6 but not GATA-4
is expressed (Beuling et al., 2011). Both GATA-4 and GATA-6 knock-
out also induce similar defects in the proximal small intestine
where both are expressed (Beuling et al., 2011; Walker et al., 2014).
In the distal ileum, GATA-6 knock-out also affects components and
targets of Wnt- and N-signaling pathways as well as causes a de-
crease in crypt-cell proliferation (Beuling et al., 2011). This case
might be similar to GATAe depletion, which decreases Dl expression
and ISC proliferation (Fig. 3 and Supplemental Fig. 2). In addition,
GATA-6 directly enhances expression of LGR5 that activates Wnt
signaling and represses BMP4 expression in the stem cells of col-
orectal cancer (Tsuji et al., 2014; Whissell et al., 2014). Thus, GATA
factors regulate signal transductions in the adult ISCs of both the
Drosophila midgut and mammal small intestine.
4.2. GATAe regulates EC and ee differentiation in N-dependent and
independent manner
The Drosophila adult midgut epithelium mainly consists of two
types of differentiated cells, EC and ee (Marianes and Spradling,
2013; Micchelli and Perrimon, 2006; Ohlstein and Spradling,
2006). In their speciﬁcation and differentiation, N signaling plays
an important role (Bardin et al., 2010; Beehler-Evans and Micchelli,
2015; Kapuria et al., 2012; Ohlstein and Spradling, 2007). We
showed that EC and ee differentiation were disrupted in GATAe1
clones (Fig. 5), which were not rescued by excess N-signaling ac-
tivation (Fig. 6). This suggests that GATAe is intrinsically required
for EC and ee differentiation independently of N signaling.
A high- or low-level activation of the N-signaling pathway in EBs
was stimulated from Dl expressed in neighboring ISCs (de Na-
vascues et al., 2012). The activation subsequently regulates EC and
ee differentiation (Kapuria et al., 2012; Perdigoto et al., 2011). We
found that GATAe was required for Dl expression (Fig. 3 and Sup-
plemental Fig. 2). These facts imply that GATAe also has an extrinsic
role in EC and ee differentiation via Dl expression. In mouse distal
ileum, GATA-6 deletion similarly down-regulates expression of the
Delta-like 1 encoding the N ligand (Beuling et al., 2011). Conversely,
N-signaling alteration did not affect GATA-6 transcripts as in the
case of GATAe transcripts in N-depleted cells (Fig. 1) (Beuling et al.,
2011). A mechanism by which GATA factors regulate N-signaling
ligand may be evolutionally conserved in EC and ee differentiation.
While GATA-4 and -5 showed regional expression patterns, GATA-
6 was constantly expressed throughout the mouse small intestine
(Buchon et al., 2013; Fang et al., 2006). GATA-6 is also expressed in
the large intestine of mice and humans (Fang et al., 2006; Haveri
et al., 2008). In summary, GATA-6 is the only GATA factor gene ex-
pressed in the distal ileum and colon. In these regions, in addition to
a decrease in crypt-cell proliferation, GATA-6 conditional deletion
decreases differentiated ee and Paneth cells, which are replaced with
goblet-like cells (Beuling et al., 2011; Dusing and Wiginton, 2005).
This suggests that GATA-6 plays an important role also in mamma-
lian secreted-cell differentiation. On the other hand, the GATA-6 role
in EC differentiation has been unclear since its conditional deletion
results in a dramatic decrease in ECs constructing villi, which is
probably caused by the limitation of crypt-proliferative cells. Spa-
tiotemporal studies with Drosophila techniques may provide insightinto a detailed common function of GATA factors in EC differentiation
among multicellular animals.
In GATAe1 MARCM clone experiments, although the average size
of GATA1 clones without any dividing cells was not altered between
days 4 (1.67 cell) and 7 (1.70 cell) (Fig. 2L and Fig. 4D), the frequency
of Pdm1þ and Prosþ cells decreased during days 4–7 (EC: 20.6%-
12.63%, ee: 5.67%-0.42%) (Fig. 5I and J). Some GATA1 cells con-
sistently showed weak Pdm1 expression (Supplemental Fig. 4A).
These facts imply that, in addition to their differentiation process,
GATAe is also required for maintenance of EC's and ee's differentiated
states. In addition, to conﬁrm the fate of undifferentiated GATAe1
clone cells (Dl-, Pdm1-, and Pros- cells), we tried to observe their
older clones at 21 day ACI. But, in this condition, we did not ﬁnd any
GATAe1 clone cells because they were eliminated probably by cell
death or apical extrusion (data not shown). A recent study suggested
that GATAe may control the physiologically functional genes reg-
ulating digestive, metabolism, structure, and defense response in the
adult midgut (Buchon et al., 2013). Also, GATAe regulates similar in-
testinal genes in the larval midgut (Okumura et al., 2007; Senger
et al., 2006). In mammal intestine, GATA-4, GATA-5, and GATA-6
directly and indirectly regulate a subset of functional gene expres-
sions (Aronson et al., 2014). Thus, in addition to ISC regulation/
maintenance, GATA factors regulate differentiation and maintenance
of other types of intestinal cells, which are crucial for physiological
function both in mammal and Drosophila adult intestines.Acknowledgments
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